Transcriptional regulation is a key mechanism that controls the fate and response of cells to diverse signals. Therefore, the identification of the DNA-binding proteins which mediate these signals is a crucial step in elucidating how cell fate is regulated. In this report, we applied both bioinformatics and functional genomic approaches to scrutinize the unusually large promoter of the IME1 gene in budding yeast. Using a recently described fluorescent protein based reporter screen (R-SGA), we assessed the effect of viable deletion mutants on transcription of various IME1 promoter-reporter genes. We discovered potential transcription factors, many of which have no perfect consensus site within the IME1 promoter. Moreover, most of the cis-regulatory sequences with perfect homology to known TF consensus were found to be non-functional in the R-SGA analysis. In addition, our results suggest that lack of conservation may not discriminate against a TF regulatory role at a specific promoter. We demonstrate that Sum1 and Sok2 which
INTRODUCTION
Transcriptional regulation is the key mechanism that controls cell fate in both prokaryotes and eukaryotes. DNA-binding proteins, and proteins recruited by them, modulate the transcription pattern of genes in response to changing signals. Thus, the identification of DNA-binding proteins and the specific promoter regulatory roles they play is vital for elucidating how cell fate is determined in response to changing signals. The transcription of master regulators of developmental pathways is in many cases controlled by large and complex promoters which are subject to multiple and diverse signals that act through specific cis-regulatory sequences.
Although each promoter element in isolation often has a small impact on transcriptional output, the sum of all regulatory signals determines proper transcriptional control (DAVIDSON et al. 2002) . Given this complexity, it remains a challenge to: (1) identify the individual trans-acting regulatory components of promoters; (2) identify regions in promoters bound by these proteins.
Several approaches can be used for the identification of specific DNA-binding proteins that regulate the transcription of genes, which include combining sensitive genetic and biochemical assays. In recent work, an approach called Reporter-Synthetic Genetic Array (R-SGA) analysis was developed to carry out reverse genetic promoter-reporter screens genome-wide (KAINTH et al. 2009 ). These screens allow measurement of a test promoter-GFP reporter gene as well as a control promoter-RFP reporter gene in an array of yeast deletion mutants and provide quantitative measures of reporter gene activity in each mutant background.
Combinations of in vivo approaches and bioinformatic analysis of sequence features within promoters are commonly used to match consensus transcription factor (TF) binding sites to DNA binding proteins. TF binding sites are generally mapped by employing the following methodologies: (i) direct mutational analysis of sites bound by a specific TF [see for instance (SHIMIZU et al. 1998) ], (ii) identification of common promoter sequence motifs in groups of coregulated genes using gene expression microarray analysis in mutant backgrounds of specific TFs or in strains where each TF is overexpressed (CHUA et al. 2006; ROTH et al. 1998), (iii) comparative analysis of all the sites bound by a specific TF following genome-wide location analysis (ChIP-chip) (HARBISON et al. 2004 ) and (iv) systematic exploration of sequence motifs recognized by DNA binding proteins using high-resolution protein binding microarrays (PBMs) (BERGER and BULYK 2006) . However, these methods alone may be insufficient since single TFs interact with a range of related sequences (LAPIDOT et al. 2008) . To better predict sequences likely influencing transcriptional output, comparative DNA sequence analysis between sensu stricto Saccharomyces species is useful. This analysis is based on the assumption that important cis-regulatory motifs in promoter regions are conserved throughout evolution, unlike other intergenic regions of DNA (CLIFTEN et al. 2003; CLIFTEN et al. 2001) .
In this report, we examined the feasibility of relying primarily on consensus TF binding sites to faithfully identify true TF-promoter regulatory links in Saccharomyces cerevisiae by studying the IME1 promoter. In budding yeast, the regulated transcription of most genes is mediated through short upstream regulatory sequences, [about 437 bp (SGDhttp://www.yeastgenome.org/)], residing 100-200 bp upstream of the start codon (TIROSH et al. 2007 ). This means that most genes are not suitable for such an analysis. However, complex regulation by an exceptionally large region [over 2 kb (GRANOT et al. 1989; SAGEE et al. 1998)] can be found at the IME1 gene. IME1 encodes a transcriptional activator that serves as the master regulator of meiosis in budding yeast. Ime1 is required to initiate a transcriptional cascade that consists of a network of meiosis-specific genes and all the signals that regulate meiosis converge at IME1, regulating its transcription, translation and activity (KASSIR et al. 2003) . Thus, IME1 may serve as an important tool to compare and integrate both bioinformatic and experimental approaches as described above. At least three general signals, carbon source, nitrogen depletion, and mating type, regulate the transcription of IME1. In the presence of glucose IME1 transcription is repressed, while in the presence of a non-fermentable carbon source such as acetate, a basal level of IME1 mRNA is detected. Upon nitrogen depletion, the transcription of IME1 is transiently induced but only in MATa/MATα diploids (KASSIR et al. 1988) . Deletion analysis of the 5' regulatory region of the IME1 gene revealed that it is regulated by at least 10 distinct elements, 6 of which confer negative regulation while 4 confer positive regulation [ Fig. 1 and (KASSIR et al. 2003) ]. However, knowledge of the DNA binding proteins that directly affect transcription of the IME1 promoter remains incomplete with only a few known regulators (Msn2/4, Rme1, Sok2, and Yhp1) (KUNOH et al. 2000; SAGEE et al. 1998; SHENHAR and KASSIR 2001; SHIMIZU et al. 1998) .
In this report we combine bioinformatic and functional genomic approaches to discover regulators of IME1 transcription. The simple presence of a consensus binding site was generally a poor predictor of direct binding by a specific TF, since most of the sites appeared non-functional; rather a combination of in vivo tests and the presence of a consensus site was a more powerful predictor of a true regulator. While most of the functional TF sites we identified resided in conserved regions, detailed analysis of one element, IREu, suggest that this element, and the TFs which bind and regulate its activity, are functional but not conserved. Similarly, Sum1 was identified and verified in our screens as a functional TF which binds to a non-conserved region. (HARBISON et al. 2004; MACISAAC et al. 2006 ). In addition, several consensus sites were taken from specific papers (details are given in Table 1S ).
MATERIALS AND METHODS

Bioinformatic approaches
Consensus
Location analysis was based on the http://fraenkel.mit.edu/yeast_map_2006/ database. Conservation analysis was based on S. cerevisiae genome browser (http://genome.ucsc.edu/cgi-bin/hgGateway?hgsid=101879728&clade=other&org=0&db=0).
High throughput functional assay
We screened the viable deletion array of about 4500 genes for mutants that affect the transcription of GFP reporter genes whose expression was controlled by distinct UAS elements as previously described (KAINTH et al. 2009 ). Four positive elements from the IME1 promoter, namely, UASru, UASrm, UASv, and UASru(AB) (which carries only the 5' half of UASru) were fused to his4 TATA -GFP that by itself is not expressed. The use of UASru(AB) allowed us, as expected, to identify TFs, for instant Swi4, whose function was masked in the UASru element.
The negative elements, UCS3, URSuE, URSd and UCS1 were fused to his4 UAS -his4 TATA -GFP.
These constructs were used to transform strain BY4256 carrying the RPL39pr-tdTomato reporter (RFP). The constructs were introduced into the deletion array, and MATa haploids carrying the GFP and RFP reporters, as well as the deletion alleles were selected as previously described (KAINTH et al. 2009 ). The activity of the UCS3 element was screened in a diploid array homozygous for the deletions. In order to generate a diploid deletion array, we introduced a URA3 marker on a 2μ vector to the deletion array (following transformation of Y8205 with pRS426 (SIKORSKI and HIETER 1989) , mating, and sporulation), and MATα haploids carrying the deletion alleles were selected. Following mating between the two arrays, diploids carrying URA3, GFP, and RFP were selected. Colony fluorescence was assayed following 2 and 6 days incubation on minimal glucose and SPO plates, respectively, using Typhoon Trio variable mode imager (GE Healthcare). The log2 GFP/RFP ratio from each colony on the array was calculated as described (KAINTH et al. 2009 ). Table 1 lists the plasmids used in this study. Detailed description on how these plasmids were constructed is available in the methodology supplement. Table 2 lists the genotype of the strains used in this study. The genotype of the constructed strains, including the copy number of inserted genes was verified by PCR and quantitative PCR, respectively. A precise deletion of IREu in the genomic locus was constructed in two steps, essentially as described (GRAY et al. 2004) . First, strains Y1065 and Y1064 respectively, were transformed with a 2.9 Kb SpeI fragment from YIp2887 to construct a large deletion of IME1 marked with URA3. Deletion of IME1 was confirmed by lack of sporulation when mated to a known ime1Δ strain. The resulting strains were cotransformed with a BamHI-XhoI fragment from p2980 and pRS423 (SIKORSKI and HIETER 1989) , selecting for HIS + colonies. Colonies that were ura-were identified by plating on 5-FOAcontaining medium. Y1837 carries SUM1-6HA-kiTRP1-sum1. It was constructed by transforming Y1214 with YIp3131 cut EcoNI.
Plasmids and Yeast strains
Media and growth conditions
SD, minimal glucose (Synthetic glucose medium with Glutamic acid as a nitrogen source), PSP2
(SA), SPM and SPO media were prepared as previously reported (KASSIR and SIMCHEN 1991; TONG et al. 2001) . Meiosis was induced as follows: cells were grown in PSP2 supplemented with the required amino acids to early exponential stage (0.8-1.2x10 7 cells/ml), washed once with water, and resuspended in SPM.
β -galactosidase activity was assayed as described previously (MILLER 1972) Quantitative analysis of RNA level RNA was extracted from 10 8 cells by the hot acidic phenol method. One microgram of total RNA was used for a reverse transcription reaction (total 20 µl) with random hexamer primers and SuperScript reverse-iT TM transcriptase. 100 ng of the resulting cDNA was then used in for realtime PCR analysis (qPCR) according to the manufacturer's instructions (ABGene, Surrey, U.K.).
ChIP.
The Chromatin Immuno-Precipitation assay was done essentially as described ). Msn2, Sok2, and Ime1 were tagged with GST, 3xHA, , and placed on a 2μ vector. The expression of SOK2 in SA media is substantially reduced in comparison to SD media (SHENHAR and KASSIR 2001) . Therefore, in order to determine the effect of the carbon source on binding of Sok2 to its target, we expressed Sok2, and as a control also Msn2, from the CDC28 promoter. The transcription of IME1 is under glucose repression (KASSIR et al. 1988) .
Therefore, in order to detect Ime1 in SD media, we expressed it from the ADH1 promoter. As can be observed by the results (Fig. 3) Table 2 legend)]. This approach, which led to the identification of a surprisingly large number of putative TFs, was unlikely to indicate "true"
TF-promoter regulators in yeast. To refine our list, we examined a ChIP-chip dataset which defined the genome-wide location of 203 DNA binding transcription regulators. This analysis identified 9 TFs spanning 55 sites within the IME1 promoter (Table 1S) . Only 16 (29%) of the identified sites showed a perfect match to the consensus sequences, while the rest had a variation in at least one nucleotide (Table 1S) . We note that this assay was done in haploid cells grown in glucose-containing medium (HARBISON et al. 2004) and TFs which affect the transcription of IME1 under different conditions may not be represented. It is possible that "true" TFs which affect the transcription of IME1 under different conditions were not represented. The large list of putative TFs and 'perfect' consensus sites that we generated, together with the information from the ChIP-chip dataset, suggest that a bioinformatic approach relying solely on perfect consensus site identification may not identify the majority of "true" TFs that regulate a given promoter.
Analyzing sequence conservation to identify "true TFs"
Cliften et al., suggested that within the promoter regions, conserved sequences between closely related species of Saccharomyces may reveal true sites which bind specific TFs (CLIFTEN et al.
2001
). The promoter region of IME1 from five sensu stricto Saccharomyces strains was aligned using a genome browser. We searched within the promoter of IME1 for conservation between three sensu stricto Saccharomyces strains, S. cerevisiae, its closest relative S. paradoxus, and its distant relative S. bayanus (Fig. 1S ). Because the smallest consensus site for TF binding is 5 bp, a minimum of 5 bps was taken as a measure for complete conservation. Overall, the promoter of IME1 from that of S. cerevisiae and S. paradoxus showed 62% conservation, that of S. cerevisiae and S. bayanus showed as expected lower conservation, 22%, and the three sensu stricto strains showed 19% conservation. Within the putative DNA binding sites that we identified in our computational survey (29 TFs) 11% (37/346) resided in conserved regions. These results imply that regions which may not serve as TF binding sites were also conserved. This analysis may provide an underestimate of the number of TFs present in conserved regions. This may result from the facts that TFs bind to more than one specific sequence, and lack of conservation may not reflect the absence of a TF binding site (designated as preserved sites). Moreover, it is also possible that the DNA binding site exists within the promoter, but at an adjacent location (designated as relocation). Therefore, we also searched the IME1 promoter sequences from S.
paradoxus, and S. bayanus for the presence of sequences that might bind the putative TFs which are present in non-conserved regions. By allowing either preservation or relocation of sites, we found that the number of putative sites increased to 92 (27%), and the number of potential TFs to 35 (Table 1S ).
The transcription of IME1 from three sensu stricto Saccharomyces strains responds similarly to meiotic signals
The assumption that conserved sequences are "true" TF binding sites predicts that replacing the IME1 promoter of S. cerevisiae with that of S. paradoxus or S. bayanus, both the closest and distant relatives respectively, would not affect the pattern and/or level of IME1 transcription. We tested this hypothesis by constructing three isogenic S. cerevisiae strains with the endogenous IME1 gene deleted and the IME1 ORF expressed from either S. cerevisiae, S. paradoxus or S.
bayanus IME1 promoters, integrated at the URA3 locus. We discovered that the pattern of IME1 transcription in the three constructed strains was similar ( Figs carries additional URS elements, or that additional UAS elements which respond to the carbon source are present in S. bayanus. It is also possible that the effect resulted from reduced affinity of the TFs for the binding sites due to sequence differences. In S. cerevisiae nitrogen depletion leads to a transient induction in the transcription of IME1 (peak between 6 to 8 hours in SPM) (KASSIR et al. 1988) . The IME1 promoters of both S. bayanus and S. paradoxus support a transient transcription, albeit the increase as well as decline in transcription is faster (Fig. 2B ).
The different timing in expression did not affect the efficiency of sporulation (Fig. 2C) . Thus, the similar pattern of expression, namely, glucose repression and a transient increase upon nitrogen depletion is in agreement with the suggestion that essential positive (UAS) and negative (URS) elements are conserved between the three sensu stricto strains. Nonetheless, the differences in the level of expression in SA media and the kinetic of expression in SPM (Fig. 2B ) suggest that some URS and/or UAS elements are not conserved.
IREu is an important but non-conserved element in the IME1 promoter
The S. cerevisiae IME1 promoter carries two short repeats designated IREu and IREd in which 30 out of the 32 bp are identical Fig. 3A ]. The IREd repeat is conserved in S.
paradoxus and S. bayanus, but the IREu repeat is absent (Fig. 3B) . This is surprising, since IREu is an active UAS element in the promoter of IME1, whereas IREd shows only a weak UAS activity (SAGEE et al. 1998; SHENHAR and KASSIR 2001) . In order to verify the function of IREu in the transcription of IME1, we constructed a diploid strain with a deletion of the IREu element.
We compared the level and pattern of IME1 transcription in this strain relative to the isogenic wild type strain. Under vegetative growth conditions with glucose as the sole carbon source, the mutant strain showed a 20-fold increase in the level of transcription in comparison to the wild type strain (Fig. 3C ). In the presence of acetate as the sole carbon source, a 0.4 fold reduction was observed (Fig. 3C) . Moreover, under meiotic conditions the level of transcription of IME1 was significantly reduced (Fig. 3C) . These results reinforce the conclusion that IREu serves as a negative control element in the presence of glucose as the sole carbon source, and as a positive element in the presence of acetate, with or without a nitrogen source. The reduced level of IME1 mRNA had no effect on the efficiency of asci formation (Fig. 3D ), in agreement with our recent report that modulating the levels of IME1 RNA and protein has no effect on the level of sporulation (GUREVICH 2010). 1998), we found that Msn2 bound IREu only in the absence of glucose (Fig. 3E) . Sok2 was present on the promoter regardless of the carbon source (Fig. 3D) , confirming genetic analysis suggesting that relief of Sok2 repression in the absence of glucose is not mediated by its sequestering from the promoter (SHENHAR and KASSIR 2001) . The Sok2 binding site does not correspond to the reported consensus site for Sok2 -rather, Sok2 binds to an SCB-like element in the IME1 promoter (Fig. 3A) , probably reflecting its extensive homology to the DNA-binding domain of Swi4, which binds SCB elements (WARD et al. 1995) . Ime1 was present on the promoter in wild type cells, but not in the msn2Δ msn4Δ double mutant (Fig. 2F ), suggesting that Msn2 and/or Msn4 recruits Ime1 to the IREu element. In summary, the IREu element is an essential, but non-conserved element whose activity is directly regulated by Sok2, Msn2/4, and Ime1. These data suggest that discrimination of putative TFs due to lack of conservation between species may be misleading.
High throughput functional screen for genes affecting transcription of IME1
The promoter of IME1 consists of distinct elements that are regulated by the same signal through specific TFs. For instance, the glucose signal is transmitted through at least four elements.
Consequently, deletion of a single TF may have only a minor effect on the transcription of IME1.
Therefore, reporter gene screens are useful because fragments of the IME1 promoter consisting of each individual regulatory element can be screened in isolation to identify specific mutants causing a defect in the ability of that particular element to drive reporter gene expression. We used the R-SGA approach (KAINTH et al. 2009 ) to screen the viable deletion array of about 4500 genes for mutants that affect the transcription of IME1 UAS -HIS4 TATA -GFP and IME1 URS -HIS4 UAS -HIS4 TATA -GFP reporter genes whose expression was controlled by seven distinct UAS and URS elements from the IME1 promoter. The R-SGA assay was performed under two conditions: (1) SD media which includes glucose as the sole carbon source as well as a nitrogen source, nutrients which repress the transcription of IME1 (KASSIR et al. 1988) , and (2) SPO media which induces the transcription of IME1 and meiosis (KASSIR et al. 1988 ). In addition, since UCS3 functions as a repression element in the absence of the Mata1/Matα2 complex (SAGEE et al. 1998) , the expression of the UCS3-GFP reporter was examined in a homozygous MATa/MATα diploid array. The normalized log 2 GFP:RFP ratio was calculated as described (KAINTH et al. 2009) (Fig.   2S show representative results obtained for two reporter genes). We transformed the above ratios to Z-scores, and P-values were assigned based on a normal distribution (KAINTH et al. 2009) . A cutoff of less than 10% was used to identify putative regulators (Table 1S) . We used the SGA annotation to identify putative TFs, whose direct effect on IME1 transcription was inferred by identifying the TF consensus within the element, allowing imperfect homology (up to three alterations) (Table 1S ). If there were more than one putative imperfect site to which our potential TF could bind, in order to calculate the percentage of sites only 1 site per element was taken (Table 1S) .
Our screens identified 41 TFs spanning 6 8 sites (Table 1S) . Using a 1% cutoff identified 31 TFs spanning 43 sites. Tables 3 and 1S also includes four additional TFs, namely Msn2, Msn4, Rme1, and Sok2 spanning 5 sites, which were identified by a functional assay of additional elements (not tested in this study), and verified by binding assays (COVITZ and MITCHELL 1993; SAGEE et al. 1998; SHENHAR and KASSIR 2001) . Interestingly, only 34% (23/68) (30% for a 1% cutoff) of the identified sites (without the above mentioned 5 sites) showed a perfect match to the reported consensus. Moreover, 50% (34/68) (65% for a 1% cutoff) of the affected sites were in conserved, preserved or relocated regions [Tables 3 (rows 4, In order to validate the function of putative TFs identified by the functional genomics screen, we constructed their complete deletion in a different strain background, and determined the level of expression of a lacZ reporter gene. We focused on TFs which affect the activity UASru, because this is an important element in IME1 promoter. It functions as a negative element in the presence of glucose and as an essential UAS element in the absence of glucose (KASSIR et al. 2003) . Eight TFs affecting UASru or UASru(AB) activity with the highest GFP/RFP score were examined (See Fig. 2S ). Deletion of SPT23, SUM1 or SWI4 resulted in a significant effect on the expression of the reporter gene UASru-lacZ (Fig. 4A) . On the other hand, deletions of, UPC2, YOX1 and RIM101 had no effect (Fig. 4A ). Gzf3 was identified by the R-SGA assay as a regulator of several UAS and URS elements in IME1 promoter (Table 1S ). We examined therefore its effect on an IME1-lacZ construct, showing that when deleted the level of expression of IME1-lacZ was induced (Fig. 4A ) (the effect was examined in SA media since in SD IME1 is under repression from several elements). Thus, four out of the eight TFs tested showed an effect, suggesting that the genome-wide screen gave about 50% false positives. Reducing the cutoff to 1% casted three TFs, namely Sum1, Yox1, and Rim101, reducing the false positive to only 40%.
Nevertheless, this low cutoff could discard "true" TFs, for instance Sum1. In order to further validate the effect of Sum1 we examined the level of IME1 RNA in wild type and sum1Δ isogenic haploid and diploid strains, using qPCR. Fig. 4B shows that IME1 RNA level is increased 1.6-and 21-fold in sum1Δ haploids and diploids, respectively. In order to determine that the effect of Sum1 is direct, we tested the location of Sum1 on UASru using ChIP-enriched DNA (qChIP). The level of bound Sum1 was calculated relative to the level of binding to a nonspecific locus (TEL1). Fig. 4C shows that Sum1 bound specifically to UASru. Thus, our analysis verified the suggestion that Sum1 directly represses the activity of UASru. We note that one of the reported binding sites for Sum1 is GNCRCAAAW, whereas the identified site in UASru is GCCGCAAAG which has a single alteration from the consensus site.
The high throughput functional assay allowed us to determine if the putative TFs, which were assigned to the IME1 promoter using bioinformatic or genome-wide location analysis, had any effect on the transcription of IME1. As stated above, the functional analysis was done for only 7 out of the 10 designated UAS and URS elements, therefore, the function of many sites was not determined (ND in Tables 3 and 1S ). Moreover, some of the TFs were not present on the deletion array, and thus the function of additional sites (total of 194) was not determined. Nonetheless, our in vivo screens showed that most of the TFs [86% (142/165, for a 10% cutoff Table 3 , rows 4, 5 in columns 6 and 11, and 92% (152/165) for a 1% cutoff, Table 1S ] identified by the presence of a perfect site through our computational analysis, showed no effect when analyzed in the deletion strains under the conditions tested.
DISCUSSION
We used IME1 as a paradigm to explore different approaches to identify the TFs which bind to and regulate the transcription of any gene of interest, specifically master regulators of developmental pathways. Moreover, only five TFs which bind to the IME1 promoter and regulate its function were known and we reasoned that further scrutiny of IME1 transcription would enrich our knowledge of TFs that regulate meiosis. The decoration of IME1 promoter with the TFS identified by the different approaches is summarized in Fig. 1S . This Figure also shows the sequence alignment of the three sensu stricto strains.
The Bioinformatic approach
Consensus sequences have been reported for most predicted TFs in yeast. Therefore, our first approach involved searching of the IME1 sequence for these reported consensus sites. In this way, we identified a large number of putative TF sites (346) and distinct TFs (75) Consequently, our assay may be lacking the sensitivity required to detect a transcriptional defect upon deletion of these TFs. Second, we examined reporter gene expression in two physiological relevant conditions: 1) vegetative growth conditions with glucose as the sole carbon source and, 2) sporulation conditions. Therefore, effects of other TFs might be observed in different, unstudied conditions. For instance, Yhp1 has been reported to bind UASv and repress transcription of a UASv-PHO84p-PHO5 reporter gene (KUNOH et al. 2000) . In our R-SGA assay, the UASv-GFP reporter lacking an heterologous UAS element could not reveal a repressive activity for Yhp1 (Table 1S ). These results suggest that some of the false negatives may in fact be true TFs which regulate IME1 transcription. Third, chromatin architecture may mask the ability of a TF to bind to a putative consensus sequence, and therefore such a site might not affect transcription in a reporter assay (YUAN et al. 2005) . Finally, most consensus sites were revealed by comparing sequences from genes whose expression depends on a specific TF, or ones which bind a specific TF. However, direct mutational analysis has been performed for only few TFs.
Therefore, some of the reported consensus sequences may not be accurate, which may explain our failure to discover a perfect match to reported consensus sites for most of the TFs identified by the functional analysis (62%, 45/73 Table 3 , rows 6,7 in column 6). This hypothesis is supported by the observation that Sum1 binds to and represses the activity of IME1 UASru element (Fig. 4) , while a perfect match to any of the reported consensus binding-sites for Sum1 is not present. We suggest that Sum1 binds to the sequence GCCGCAAAG which deviates from the GNCRCAAAW consensus (YEASTRACT) by a single alteration.
Conservation
We examined the feasibility of using conservation to predict true regulation by TFs from false positives. 48% (35/73, Table 3 , row 8 in coumns 3-6, and Fig. 5 ) of the functional sites were maintained in the sensu stricto strains. A similar percentage, namely 35% (56/161) of the nonfunctional sites were maintained (Table 3 , row 8 columns 8-11). Moreover, within the sites identified by the presence of consensus sequence, conservation did not discriminate between functional and non-functional sites (4% versus 27%, Table 3 , rows 4,5 compare columns 6 to 11).
These results don't support the hypothesis that functional sites are maintained during evolution.
We directly examined this hypothesis by exchanging the promoter of IME1 from S. cerevisiae with that from S. paradoxus or S. bayanus. Swapping of the promoter had no effect on the pattern of transcription of IME1 (Fig. 2) , suggesting that in these three strains the pattern of transcription of IME1 is similar, and that the binding sites for the essential TFs are conserved. However, we reached an opposite conclusion when we examined the conservation of two repeated elements in IME1 promoter, IREu which serves as an essential element, and IREd (Fig. 3) . The IREd element differs from IREu at two positions, corresponding to the binding sites for Sok2, and Msn2/4 (Fig.   3A) , explaining why IREd serves as a weak UAS (KASSIR et al. 2003) . Therefore, we expected that the IREu element would be conserved in the sensu stricto strains. To our surprise the IREd element could be identified in these strains, whereas IREu showed no conservation (Figs. 3B and   1S ). This result implies that binding sites for critical transcription factors may not be conserved in evolution, suggesting that conservation cannot be used to discriminate between true and false positive TFs. This lack of conservation may be due the growth of these yeast strains in different ecological niches. Therefore, the transcription of IME1, and consequently meiosis, maybe regulated by different promoter elements. Nonetheless, IME1 may present an unusual example as meiosis is a robust process which is not sensitive to the levels of IME1 mRNA, nor to its time of expression (GUREVICH 2010). Thus, the shuffling of the IME1 promoter in S. cerevisiae with that of S. paradoxus and S. bayanus which affected the time of transcription of IME1, or creating an IME1 allele with a deletion of IREu which resulted in drastic reduction in the levels of IME1 RNA, had no effect on the level of asci formation (Figs. 2B, 2C, and 3) . Since evolution will select for spore formation rather than the level of expression of IME1, the DNA-binding sites, even for important TFs, were not conserved.
Moreover, multiple elements, each with a small impact regulate the transcription of IME1.
Therefore, the elimination of a single binding site will have a weak rather than a strong and critical effect on the transcription of IME1.
The Functional assay
In this report we used a functional, high throughput assay to identify genes which regulate the transcription of IME1. Previously, this approach was successfully used to identify chromatin associated proteins that modulate the transcription of histone genes (FILLINGHAM et al. 2009 ). A revised approach was devised for screening the IME1 promoter. First, the transcription of IME1 is regulated by multiple and distinct elements, and thus a mutation in a single TF may have only a minor effect. Therefore, we did not fuse the entire IME1 promoter to the GFP reporter; rather distinct elements were used. The activity of these elements in the GFP reporter genes was identical to their function when fused to lacZ reporters (data not shown). Second, in order to identify TFs which affect the function of a URS element, we inserted these elements between HIS4 UAS and the HIS4 TATA box of a HIS4 UAS -HIS4 TATA -GFP. Our ability to identify genes whose deletions affect the activity of the specific URS element, suggest that this modification of the R-SGA method is useful. Third, the assay was performed under both vegetative and meiotic conditions. This screen enabled the identification of many genes, including the expected chromatin remodeling factors, mediators, as well as various TFs.
We considered a TF with a direct effect, if a perfect or non-perfect match to the reported consensus was found. However, since for most (62%, Fig. 5 ) of the TFs that were identified as affecting IME1, a perfect consensus site was not found, this approach can not be used to rule out a direct effect. Thus, it is possible that the list lacks TFs which did not pass the threshold for defining regulators in our screen (FDR of 10%), or ones whose binding sites were not reported.
Moreover, it is possible that the list of the identified TFs (Table 1S) contains false positive, and therefore, their direct effect needs to be validated. Indeed, we reexamined the effect of 8 TFs identified by our functional assay, and only 4 of them were validated (Fig. 4) . Thus, using a cutoff of 10% gave about 50% false positives.
In summary, in this report we applied both bioinformatics and functional genomic approaches to scrutinize the unusually large promoter of the IME1 gene, which encodes the master transcriptional activator of a developmental pathway, meiosis in budding yeast. The functional R-SGA analysis identified new TFs, whose function was validated. The simple approach, namely, the presence of a consensus site gave rise to too many transcription factors, most of which were non-functional. We also showed that conservation between the sensu stricto Saccharomyces strains can be misleading, as in many cases, functional TFs were present within a non-conserved region. We conclude, therefore, that there is no "easy" bioinformatic method to predict the function of a TF, and functional tests are still critical.
The role of the putative TFs in the transcriptional regulation of IME1
The R-SGA screen identified 69 new putative TFs that affect the transcription of IME1. We reexamined the function of 8 putative TFs, demonstrating that the function of only 4 of which (Sum1, Swi4, Gzf3, Spt23) was verified (Fig. 4) . This suggests that the screen could identify about 30 new putative TFs. The direct function of one gene, SUM1, was determined by qChIP analysis (Fig. 4C) . Previous reports showed that Sum1 is a negative regulator of NDT80 and the middle meiosis-specific genes, with no apparent effect on the transcription of an early meiosisspecific gene, HOP1 (LINDGREN et al. 2000; XIE et al. 1999) . Because the activity of Ime1 is regulated by glucose (RUBIN- BEJERANO et al. 2004) , it is not surprising that the effect of Sum1 on the transcription of IME1 did not affect the transcription of HOP1. GZF3 encodes a zinc finger protein that negatively regulates nitrogen catabolic gene expression (SOUSSI-BOUDEKOU et al. 1997) . Since the transcription of IME1 is negatively regulated by nitrogen (KASSIR et al. 1988) , it is not surprising that deletion of this gene affected the activity UCS1 (Table 1S) , a negative element in the IME1 promoter whose repression activity depends on the presence of nitrogen (KASSIR et al. 2003) . Gzf3 also affected the activity of URSuE, UASv, URSd and UASrm (Table   1S ). Further work is required to verify if the activity of these elements is directly regulated by nitrogen and Gzf3. Swi4 is a TF required for entry into the cell cycle (ANDREWS and HERSKOWITZ 1989; BREEDEN and NASMYTH 1987) , and Spt23 is required for the transcription of A. Samples were taken to extract proteins and measure lacZ levels following growth in either SD or SA media to 10 7 cells/ml. In addition, proteins were extracted from cells grown in SA media to 1x10 7 cells/ml and shifted to SPM for 6 hours. Table 3 . The TFs belonging to the intersecting groups are given in boxes. MATα, hoΔ::RPL39pr-tdTomato-hph, can1Δ::STE2pr-SpHIS5, lyp1Δ, his3Δ1, leu2Δ0, ura3Δ0, met15Δ0 (KAINTH et al. 2009) 
